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The adsorption of Cl on metal surfaces is studied by a first-principles electronic-structure calcu-
lation within the local-density-functional theory as a function of adatom coverage (©). Hexago-
nal Cl layers with varying lattice constants are used as adlayers, and the substrate is modeled by
the semi-infinite jellium. The work-function change, saturation © for the adsorption, and the role
of metal substrates for these electronic properties are studied through analyses of the calculated
charge density, total energy, bond-order, and adatom density of states.

The adsorption of Cl on metal surfaces is an important
subject in surface science because of its role as “poison” in
catalysis as well as for understanding the initial stage of
corrosion and etching processes.' =7 Since the molecular
bonding of Cl, is weaker than the Cl-substrate bonding,
the Cl; molecule dissociates on most metal substrates,
leading to an atomic Cl adlayer. The adlayer is disor-
dered at lower ©, while ordered structures such as ¢(2x2)
and (v3%+/3)R30° are formed on fcc and bee metals at
higher ©. The multilayer formation does not take place at
room temperatures, and a compressed atomic monolayer
of Cl is completed at the saturation © (6;), although a
continued exposure to high-pressure Cl, gas sometimes
leads to formation of bulk metal halides such as AgCl
(Ref. 1) and PdCl, (Ref. 2). One very interesting obser-
vation is that the nearest-neighbor CI-Cl distance at ©; is
fairly insensitive to metal substrates; for example, it is
3.61, 3.60, 3.45, and 3.4-3.5 A for Cu(001), Ni(111),
Fe(001), and Cr(011) surfaces, respectively, in spite of
the different lattice structures of these adlayers.>™® The
above values, which are close to the diameter of Cl ™!
(3.62 A) and much larger than the bond length of Cl,
(1.99 &), were interpreted such that Cl adatoms are nega-
tively ionized. The charge transfer from the substrate to
Cl estimated from the adatom dipole moment was, howev-
er, typically only 0.1-0.2 electrons. For most substrates,
the work function ®(6) continues to increase with Cl
dosage almost linearly up to near ©;.27¢ This is in con-
trast to the case of alkali-metal adsorption where the
work-function decrease exhibits a clear maximum at
around half a monolayer ©.8

Halogen adsorption has not been studied theoretically
so much as compared with the vast amount of experimen-
tal work. There are a number of slab and cluster calcula-
tions for ClI/Ag(001) and C1/Cu(001) which focused on
determination of the absorption site and the Cl-Ag (Cl-
Cu) distance for the observed ¢(2x2) structure.’ ~'? The
electronic structure of Cl in the low-O limit was studied
by Lan§ and Williams with their “adatom-on-jellium”
model.'> The aim of the present work differs from those
in the above-mentioned studies. Instead of concentrating
on a fixed © value, we clarify the electronic structure of Cl
adatoms systematically as a function of ©. The key pa-
rameter is the ratio of the strength of the CI-Cl interac-
tion to that of the Cl-substrate interaction. The CI-Cl in-

41

teraction comprises both the indirect dipole interaction
and the direct orbital overlap among Cl atoms. The linear
change in ®(8) and constant sticking probability of Cl,
up to near ©; may imply that the CI-Cl interaction is not
important for lower ©. However, it should play a central
role in the electronic properties near ©;. Based on a first-
principles calculation for Cl adlayers on a metal substrate,
we study the work-function change, saturation ©, and the
role of metal substrates on these electronic properties.

Our model is an extension of the well-known work of
Lang and Williams'? on finite © values. We calculate the
electronic structure of Cl adlayers on the semi-infinite jel-
lium surface nonempirically, following the method of Ishi-
da.'* The method is fully three dimensional, and the
semi-infinite calculation is performed by use of the
embedding method of Inglesfield.!> We study hexagonal
Cl adlayers with varying lattice constants (a;) on the jelli-
um with 7, =2. The calculation is performed for a;,=6.0,
6.5, 7.0, 8.0, and 9.0 bohrs. The calculation procedure is
the same as that in Ref. 14, except that a contour integral
in the complex energy plane is used in calculating the
charge density in order to treat the discrete Cl 3s state
below the bottom of the continuum jellium band.'® Given
a lattice constant, the only free parameter is the distance
between the Cl core and jellium edge. It is chosen as 2.6
bohrs for all a; as determined by Lang and Williams in
the low-O limit. Because the Cl valence states are rather
localized, the relaxation of the Cl plane with increasing ©
is very small. !’

The solid and dashed curves in Fig. 1(a) show the cal-
culated work-function change A®(©) and adatom dipole
moment u(©), which are related by A®(0) =470u(0).
A®(O) saturates at higher ©, and takes a shallow max-
imum at @, =6.5 bohrs. Correspondingly, u(©) decreases
monotonically with increasing ©. The maximum in
A®(©) is not experimentally observed. It will be shown
later that the adsorption stops before the maximum in
A®(©) owing to the rapid decrease in the adsorption ener-
gy. #(©) stems from the charge redistribution due to
chemical interactions between the Cl layer and jellium
substrate. Figure 2 shows the contour map of the
difference charge 6n(r,©) in the vertical-cut plane con-
taining Cl atoms at every interval of a;. Here én(r,0) is
defined as the charge density of the Cl-covered jellium
surface minus the superposed density of the isolated Cl
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FIG. 1. (a) Calculated work-function change A®(6) and

adatom dipole moment u(©) for the Cl adlayer on the jellium
with 7, =2. (b) Total energy per Cl atom for the isolated Cl lay-
er [E(0)], and that for the adlayer [E.q(©)]. (c) Cohesive
energy for the whole adlayer, E.(6). ©; denotes the saturation
coverage at the zero temperature.

layer and clean jellium surface. p(©) is given as

u@®)=N" 'fdrzén(r,e) ,

where N is the number of adatoms. The charge increase
around a Cl atom and the decrease in the jellium side lead
to u(©) to increase the work function. The calculated
én(r,®) at a;=9 bohrs is very similar to that given by
Lang and Williams,'* which implies that the direct in-
teraction among Cl atoms is small at this coverage. If the
charge transfer from the jellium to Cl is evaluated by the
integrated value of 6n(r,8) in a sphere around a Cl atom,
it decreases from 0.28 to 0.21 electrons (sphere radius
R =3 bohrs), as ay is reduced from 9 to 6 bohrs.

With increasing ©, there appears a charge depletion re-
gion on the Cl site which has a shape of the p, orbital and
becomes larger. This means that the occupation number
of Cl 3p, for the adlayer is smaller at higher © than the
corresponding one for the isolated Cl layer. On the other
hand, as stated above, Cl adatoms are slightly negatively
ionized even at higher ©. Thus the occupation number of
Cl 3py(ps+p,) for the adlayer must be larger than that
for the isolated layer, enough to surpass the deficit in the
occupation of Cl 3p,. For the isolated Cl layer, the five
valence electrons of Cl 3p are equally distributed into the
x,y, and z components at low ©. At higher O, since the
bandwidth of Cl 3p) is larger than that of Cl 3p, due to
the larger orbital overlap, the 3p; band is fully occupied,
and the one hole is accommodated in the 3p; band.
Namely, the occupation numbers of 3p, and 3p, for the
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FIG. 2. Contour map of the difference charge for Cl adlayers
on the jellium (r, =2) in the vertical-cut planes containing Cl
atoms at every interval of ay. The jellium edge and Cl sites are
indicated by the arrow and solid circles, respectively. The solid
(dashed) contours correspond to values of 8n(r,®) equal to
0.001, 0.003, and 0.005 (—0.001, —0.003, and —0.005) a.u.

isolated Cl layer vary with increasing ©, from 1.67 to 2.0
electrons, and from 3.33 to 3.0 electrons, respectively.

To examine the origin of the above-mentioned charge
relocation on a Cl site, we calculate the adatom density of
states (DOS) defined by '8

pa(e,6)=—lf drImG(r,r,e+i8,0) , (1)
YR

where G (r,r,6+i5,0) is the one-electron Green function,
and the integration over r is performed in a Cl atomic
sphere with radius R. The solid curves in Fig. 3 show the
calculated p,(¢,0). Its py and p, components are shown
by dash-dotted and dashed curves, respectively. (R is 2.3
bohrs, and § is 0.2 eV.) The Cl 3s band is below the con-
tinuum jellium band and is not shown in Fig. 3. p,(¢,0)
at a, =9 bohrs is again close to that of Lang and Willi-
ams, '3 except that the peak of p,(¢,0) is located ~0.5 eV
higher than theirs, possibly due to the indirect depolariza-
tion effect. The Cl 3p resonance is mostly filled, yet the
charge transfer to a Cl atom is smaller than unity because
the resonance is incomplete.'® The 3p, orbital has larger
overlap with the jellium states than 3p,. Consequently, Cl
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FIG. 3. Adatom density of states p,(¢,0) for a Cl atom on
the jellium with r;=2 (solid curves). The dash-dotted and
dashed curves show the pi and p, components, respectively.

3p. is much broader than Cl 3p, at lower ©, which implies
that Cl 3p, is mainly responsible for the Cl—jellium bond-
ing. Since the overlap between the 3p, orbitals on neigh-
boring Cl sites is small even at higher ©, the 3p, reso-
nance does not show large © dependence. Hence, in con-
trast to the case of the isolated layer, the occupation num-
ber of Cl 3p, for the adlayer is fairly insensitive to ©.
This is the reason why the charge depletion with a shape
of the p, orbital appears in 6n(r,©) at higher ©. On the
other hand, Cl 3p, shows large © dependence. It is sharp
at lower ©, whereas it becomes rapidly wider for ay <7
bohrs, because of the large overlap between the 3p) orbit-
als on neighboring Cl sites. The occupation of Cl 3p is
fairly constant up to ay=7 bohrs, while it diminishes
slightly for higher © because part of the p, DOS starts to
spread above the Fermi energy (Er). The decrease in the
Cl 3py occupation is in accord with the decreasing charge
transfer to Cl at higher ©.

Next, we study the nature of the C1—Cl bonding. For
this purpose, we calculate the p, — p, bond-order density
B: -:(¢,0) defined as

B:-:(,0)=— % fR drfR dr'¢.(r)* ImG(r,r',e+i5,0)

Xo, (r'—anex), )

where ¢, =(3/R?)2Y 4 is a p, orbital normalized in a
sphere of radius R, and the integration over r and r' is per-
formed in atomic spheres on the neighboring two Cl sites.
The px —px bond-order density Bx-x(€,0) is defined in
the same way by replacing ¢, in Eq. (2) by ¢,. Figures
4(a) and 4(b) show the calculated B.-,(¢,©) and
B -.(e,0), where their positive and negative signs corre-
spond to bonding and antibonding states with respect to

ﬁz—z (f,e).

the px — px(p. —p.) bonding, respectively. The amplitude
of B,-.(¢,0) is much smaller than that of B,—,(¢,0),
signifying that the interaction of the p, orbitals on neigh-
boring Cl sites is small even at higher ©. This is con-
sistent with the ©-insensitive DOS of Cl 3p,. On the oth-
er hand, the amplitude of B, —,(¢,0) grows rapidly with
increasing ©, corresponding to formation of the wide Cl
3pi band. The lower and upper halves of the Cl 3p, band
are bonding and antibonding states, respectively. The
wave function of the antibonding state is more localized in
Cl spheres than that of the bonding state which has large
amplitude also in the C1—ClI bond region. Therefore the
pi DOS in Fig. 3 becomes asymmetric at higher ©, having
a larger weight in its upper half.

Figure 1(b) shows the total energy per atom for the iso-
lated Cl layer Es,(©), and that for the adlayer E ,4(6)
which is defined as the difference in total energy between
the Cl-covered and clean jellium surfaces. [The origin of
energy is shifted to E;,(6) at a;=9 bohrs.] E(O) is
lowered with increasing © due to the cohesive energy orig-
inating from the one hole in the Cl 3p, band as in Cl,. On
the other hand, for the adlayer, because of the charge re-
location from Cl 3p, to 3p), as well as due to the small
charge transfer from the substrate, more of the antibond-
ing part of the Cl 3p; band is occupied than for the isolat-
ed Cl layer, and thus the increase in the bandwidth of Cl
3pu does not lead to the lowering of E ,4(6). According to
a total-energy analysis, more than 70% of the rise in
E .4(0) at a;=6 bohrs comes from the increase in the ki-
netic energy. This is natural because the antibonding
states in the Cl 3p, band whose wave function has nodes
in the C1—Cl bond region may have large kinetic energies
at high ©. The mechanism for the energy rise thus resem-
bles the repulsive interaction of closed-shell cores. Be-
cause u(©) diminishes with increasing ©, the electrostatic
energy due to the CI-Cl dipole interaction is rather insen-
sitive to © at higher © and is not crucial for the deter-
mination of ©;. As the CI-Cl interaction at a; =9 bohrs is
very small for the isolated Cl layer, the adsorption energy
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of a Cl atom may be estimated as
AE 4(©) = lEad(e) —Eiso(ay=9) | .

Figure 1(c) shows E.(©) =OAE,4(6) which is propor-
tional to the cohesive energy for the whole adlayer.
Reflecting the decrease in AE ,4(©), E.(©) takes a shal-
low maximum just as for A¢(8) in Fig. 1(a). At the zero
temperature, ©; is determined as a point where the slope
of E.(©) equals the binding energy of Cl, per atom, 1.25
eV. We obtained ay=~3.5 A for ©;. As clarified in the
above, the main factor which determines 6; is the total-
energy rise related with the Cl 3p, state. The overlap be-
tween py orbitals on neighboring Cl sites is determined by
the CI-Cl distance independent of the structure or atom
species of the substrate. This may be the reason why a, at
6, is experimentally fairly constant regardless of the sub-
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strate studied.

In summary, we studied the © dependence of the elec-
tronic structure of Cl adatoms on the jellium substrate by
a first-principles calculation. It was found that in accord
with experimental observations, the adsorption stops be-
fore the maximum in the work-function change due to the
rapid decrease in the Cl adsorption energy. Its origin is
the kinetic-energy rise on Cl sites which reflects the fact
that more of the antibonding part of Cl 3p) is occupied as
compared with the isolated Cl layer. Nevertheless, the net
charge transfer to Cl is not so large because of the de-
crease in the occupation number of Cl 3p,.
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